INTRODUCTION
The casein genes are a small gene family, containing at least four genes, which are responsive to both steroid and peptide hormones (Topper, 1970) . Although these genes are all induced during lactation, each of them is subject to different regulation and therefore transcripts exhibit different kinetics of accumulation. This is due primarily to complex multihormonal regulation of transcription and mRNA stability (Chomczynski et al., 1986; Eisenstein and Rosen, 1988; Doppler et al., 1989) . Elucidation of the structure and evolutionary interrelationships of the casein gene family is necessary to unravel the way in which the various steroid and peptide hormones function (Jones et al., 1985) .
The caseins are a family of phosphoproteins which are produced during lactation in the mammary gland in response to lactogenic hormones and form calcium-dependent micellar structures in milk (Waugh, 1971) . Caseins from bovine milk have been extensively studied and grouped into four classes according to their physical properties, asi-, as2-, ,-and K-caseins.
Bovine caseins have been comprehensively studied at both the DNA and protein levels (Mercier et al., 1971 (Mercier et al., , 1973 RibadeauDumas et al., 1972; Brignon et al., 1977; Richardson and Mercier, 1979; Stewart et al., 1984 Stewart et al., , 1987 . Sequence information for caseins of other species such as rat (Blackburn et al., 1982; Hobbs and Rosen, 1982) , mouse (Hennighausen and Sippel, 1982) and guinea pig (Hall et al., 1984a,b) has provided a large amount of knowledge about the structure of casein genes from these species and the large degree of interspecies divergence which the nucleotide sequences have undergone. This variation was not entirely unexpected as the caseins are known to be one of the most rapidly diverging gene families yet studied (Dayhoff et al., 1972) .
The overall structures show very little sequence conservation between the species, although there are three regions of significant conservation: the 5' non-coding region, the signal peptides and the casein kinase phosphorylation sequences/calcium-binding sites .
The calcium-sensitive casein genes have a complex structure comprising nine exons spanning from between approx. 7 kb in the case of the ,-caseins (Jones et al., 1985) to approx. 15 kb in the case of as2-caseins (Yu-Lee and Rosen, 1983) . The 5' nonanalysis and comparison of both pBRM5 and pBRM42 with other members of the casein family revealed that the rabbit may be unique among mammals in expressing two as2-casein genes.
The presence of two ac2-casein genes in the rabbit may be the result of a relatively recent intergenic duplication event. coding region and the signal peptide are encoded by exons I and II. Exons III-VI code for regions of the protein that contain phosphorylation sequences or the vestiges of such sequences, exon VII codes for the majority of the protein's coding region and the other exons code for the 3' non-coding region. The major phosphorylation site is not the product of one exon, but is the result of a splicing event (Jones et al., 1985) .
The evolution of the casein gene family is postulated to have occurred by a combination of intra-and inter-genic exon duplications (Ribadeau-Dumas et al., 1972; Hobbs and Rosen, 1982; Stewart et al., 1987) . The sequence, size and clustering of exons III-VI in rat ,-casein support this hypothesis (Rosen, 1987 .
In this study we have identified cDNAs from transcripts produced in mid-lactation which indicate that there are two as2-casein genes in the rabbit which are diverging at a high rate and may have arisen by a relatively recent gene-duplication event. -----or.Ft 
F .
F----p (Singh and Jones, 1984) . Prehybridization and hybridization of all blots was carried out at 65°C (plaque hybridizations) and 60°C (RNA dot blots) with the minimum amount of hybridization solution (0.1 ml/cm2 membrane). Prehybridization was allowed to continue for at least 3 h before the addition of the required probe (1 x 10 -5 x I05 c.p.m./ml by Cerenkov counting). The membranes were then reincubated at the selected temperature overnight. Once hybridization was complete, the membrane was removed and washed sequentially in: 250 ml of 2x SSC/0.1 % (w/v) SDS at 65°C (2x 10min), 250 ml of 0.2x SSC/0.1 % (w/v) SDS at 65°C (2x 30 mmin), 100 ml of 0.1 x SSC at 37°C (2 x 10 min). After being washed, the membrane was air-dried, wrapped in clingfilm and subjected to autoradiography at -80 'C.
Synthesis of cDNA library
A directional cDNA library was constructed between the EcoRI and XhoI restriction sites of AZAP II using the cDNA synthesis and cloning kit (Stratagene) from 14-day lactating rabbit mammary-gland tissue. The 5' ends of the cDNAs were located downstream of the T3 RNA polymerase promoter and the 3' ends downstream of the T7 RNA polymerase promoter. After elimination of clones corresponding to asl-and ,-casein, clones of interest were those corresponding to mRNAs that increased (by dot-blot analysis of total RNA) during lactogenesis and lactation. Two of these, pBRM5 and pBRM42, were selected for further analysis.
Plaque transfer
Plaque transfer was performed using gridded nylon Hybond-N membranes. Membrane circles (82 mm) were placed on to the surface of agar plates carrying bacteriophage-infected bacteria, gridded face uppermost, and the orientation marked with a syringe needle in an asymmetric manner. The membrane was removed with forceps and placed, plaque side up, on to Whatman 3MM filter paper soaked in denaturing buffer (1.5 M NaCl, 0.5 M NaOH The oligodeoxynucleotide primers were: 5'-GTAAAACGAC-GGCCAGT-3' (M13 universal primer), 5'-AACAGCTATG-ACCATG-3'(M13 reverse primer), 5'-CATTGGTGTCTTTTC-3', 5'-AGAGTGGGCACACTTTG-3'.
The sequences of the entire coding regions were determined by the sequencing of both strands. The sequences were assembled using the University of Wisconsin Computer Group software package at the Daresbury Laboratories (Warrington, U.K. 
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Computer analysis of DNA sequences Sequence data were processed using DNASIS software on a Nimbus AX and through the Daresbury database. The EMBL, Genbank and NBRF DNA sequence libraries were used with appropriate software.
RESULTS AND DISCUSSION cDNA and protein sequences of pBRM5 and pBRM42
Two novel clones pBRM5 and pBRM42 were identified in the mammary cDNA library and sequenced. The sequencing strategy is shown in Figure 1 .
Clone pBRM5
This clone contains a cDNA insert of 882 nucleotides, including a poly(A) tail of 22 residues (Figure 2) . Northern-blot analysis of total RNA using pBRM5 cDNA as the probe identified an mRNA of approx. 950 bases (result not shown). The predicted amino acid sequence is shown in Figure 2 , and the initiator methionine, signal sequence, phosphorylation sites and putative polyadenylation signals are indicated. There is a duplicated region comprising 12 complete codons located from amino acids 101 to 112 and 158 to 169 (Figure 2) . Two putative polyadenylation signals are apparent within the 3'-UTR (nucleotides 836-841 and 844-849, shown boxed in Figure 2 ).
Clone pBRM42
This clone (Figure 3 ) contains a cDNA insert of 959 bp, including a poly(A) tail of 16 residues. In a similar fashion to pBRM5, Northern-blot analysis identified an mRNA species of approx. 950 bases (result not shown). The predicted amino acid sequence is shown in Figure 3 and the initiator methionine, signal peptide, putative polyadenylation site and phosphorylation sites are indicated. As observed for pBRM5, pBRM42 contains a variant of the 12-amino-acid-duplicated region from amino acids 85 to 96 and 157 to 168 (Figure 3) . The 3'-UTR of pBRM42 contains a putative polyadenylation signal from bases 927 to 932.
Comparison of pBRM5 and pBRM42 with related sequences of other species Alignments have been made at the DNA and protein level with other caseins (rat, cow, guinea pig, mouse and sheep). Optimization of alignments was performed with the local homology algorithm of Smith and Waterman (1981) (a) 14 23 28 7 14 dp dp dp dl dl :.:. . .
. 23 28 7 dp dp dp dl , mouse as2-casein corresponds to e-casein (Hennighausen and Sippel, 1982) and guinea pig as2-casein corresponds to casein A (Hall et al., 1984b) .
ZCS (c)
14 23 28 7 dp dp dp dl 14 dl R obtained for clones pBRM5 and pBRM42 were performed with the CLUSTALV multiple alignment algorithm (Higgins et al., 1992) .
Clone pBRM5
The best overall similarity obtained for pBRM5 was seen with the cDNA sequence of the bovine as2-casein (Stewart et al., 1987) at 69.2% (Figure 4 Guinea pig asl
Rabbit as1
Mouse as1 Rat as1 Figure 7 Phylogenetic analysis of the calcium-sensitive casein family
Phenogram showing the relationship of clones pBRM5 and pBRM42 to the other calcium-sensitive caseins of rat, cow, guinea pig, mouse and sheep. The tree was calculated using the neighbourjoining method of Saitou and Nei (1987) . The numbers present at each node indicate the number of bootstraps-per thousand replicates calculated according to Felsenstein (1985) . For ease of study, each casein was designated by type. Key: rat a2_ rat y; rabbit a329 pBRM5; rabbit aS2b pBRM42; guinea pig a32 guinea pig A; mouse as2 =mouse e; guinea pig as1 -guinea pig B. All other caseins are designated as in the literature. Values in parentheses represent percentage divergences along that branch (/100).
the greatest similarity to similar regions of the other a,,-casein members (78-89%). The signal peptides of all the a.2-casein species (15 amino acids), when compared with pBRM5, exhibited only between two and four amino acid differences (Figure 4) . Interestingly, an arginine residue has been substituted for the conserved lysine residue at the second amino acid position of all the other as2-caseins reported so far.
Other conserved regions within the casein gene family are known to be the 5'-UTR, the 3'-UTR and sequences in the immediate vicinity of the major phosphorylation sites. No 5' non-coding region was sequenced for pBRM5, but comparison of both the DNA and putative amino acid sequences with other species (Figure 5 ) reveals similarity between the major phosphorylation sites of the rat, cow, guinea pig, mouse and sheep and clone pBRM42.
Clone pBRM42
Comparison of pBRM42 reveals the best alignment (72.8%) with the cDNA sequence of ovine a.2-casein (Figure 4 ). Clone pBRM42 shows significant homologies with other members of the ax2-casein family, ranging from 64.1 % (rat y-casein) to 71.9 % (bovine ar,2-casein). Optimal alignments required the presence of large gaps ranging in number from 2 (pBRM5) to 9 (rat y-casein).
The sequence of pBRM42 contains some of the 5'-UTR (positions 1-74). The 5' non-coding regions of the casein family have been shown to be well conserved (Stewart et al., 1987) and comparison of the 5' non-coding region of pBRM42 with similar regions of the a.2-caseins of cow, sheep, guinea pig, rat and mouse shows significant similarity (typically about 75 %). Figure  4 shows the alignment of the 5'-UTRs. Significant similarity is seen at positions -11 to -14 and -18 to -21 where all six casein species share the same sequence. Stewart et al. (1987) describe the occurrence of a region with significant secondary structure (stem-loop) present in the 5'-non-coding regions of the a.2-casein mRNAs of the cow, rat, sheep and guinea pig. Analysis of the homologous region of pBRM42 reveals the presence of an identical region located at positions 13 to -37 (Figure 4) . Comparison of the predicted signal peptide from pBRM42
with those of the other as2-like caseins at both the DNA and amino acid levels reveals a high degree of conservation. At the DNA level (Figure 4) , the percentage similarity is typically about 89%, whereas at the amino acid level ( Figure 5 ) the similarity ranges from 86.7 % (rat y-casein) to 100 % (bovine as2-casein). In addition to the signal peptide, the other major region of conservation is around the major phosphorylation sites ( Figure  5 ). In contrast with clone pBRM5 and in common with the mouse e-casein, pBRM42 has only one major phosphorylation site ( Figure 5) Abundance of transcripts for pBRM5 and pBRM42
Accurate quantification of the levels of mRNA complementary to clones pRcasasl-(asl-casein) and pBRM5 and pBRM42 was accomplished by the use of in vitro 32P-labelled RNA transcripts generated from each clone.
The integrity of RNA generated by in vitro transcription of each of the plasmid constructs was assessed by analysis of the products after electrophoresis under denaturing conditions in a 1.2 % (w/v) agarose/formaldehyde gel, ethidium bromide staining and visualization by illumination with short-wave u.v. light (not shown). Figure 6 shows the autoradiographs obtained from the dot blots described above. Both as2a and as2b mRNA species show an increased level of expression after parturition which peaks at 7 days of lactation similar to the abundant a.1-casein. The a1-casein probe (pRcasa,l-) detects a;1-casein mRNA at low levels, even at 14 days of pregnancy (0.07 fmol of mRNA/,ug of total RNA) and the levels of mRNA increase markedly at 28 days of pregnancy (Figure 6a , 1.27 fmol of mRNA/,ug of total RNA).
After cxsl-casein mRNA levels peak at 7 days of lactation (9.74 fmol of mRNA//,g of total RNA), a fairly rapid decrease in the message abundance is seen. Similar profiles for the expression of the mRNA species complementary to clones pBRM5 and pBRM42 is also observed (Figures 6b and 6c respectively), although the maximal levels of each mRNA at 7 days of lactation is substantially lower (0.44 and 0.06 fmol of mRNA/,ug of total RNA respectively).
Phylogenetic analysis A confirmatory phylogenetic analysis was attempted on the calcium-sensitive caseins from the rabbit, rat, cow, guinea pig, mouse and sheep. Multiple alignment of the casein polypeptides was performed using the CLUSTALV algorithm developed by Higgins et al. (1992) . The result of the analysis is shown in Figure   7 . The tree was rooted at the common ancestral node of the /1-caseins, as some evidence suggests that these were the originators of the casein family . Good evidence that the two ac2-caseins pBRM5 (a.2a) and pBRM42 (a.2b) have been designated correctly is provided by the observation that they are grouped together in the same monophyletic branch of the as2-caseins (Figure 7) . Interestingly, pBRM5 appears to be evolving at a fast rate with respect to pBRM42. The reason for this may be because the pBRM5 as2-casein species is functionally redundant. As there are two as2-caseins in the rabbit available for micelle formation, it is possible that one form (pBRM5, as2a) will have less restrictions acting on the conservation of its sequence and can therefore evolve faster than the other form.
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